Background: Concerns for bird collisions with wind turbines affect the deployment of onshore and offshore windpower plants. To avoid delays in consenting processes and to streamline the construction and operation phase, functional mitigation measures are required which efficiently reduces bird mortality. Vision is the primary sensory system in birds, which for a number of species also includes the ultraviolet spectrum. Many bird species that are known to collide with offshore wind turbines are sensitive in the violet or ultraviolet spectrum. For species that are mainly active at lower ambient light levels, lighting may deter birds from the lit area. Utilizing (ultra)violet lights may in addition not disturb humans. However, we do not know whether UV-sensitive birds in flight actually respond behaviourally to UV lights.
Background
To satisfy the energy demand and to increase the share of renewable resources wind energy deployment has increased (Intergovernmental Panel on Climate Change 2011). Concerns about the impact of wind energy on birdlife, through collisions, disturbance and habitat loss, have at the same time become more acute (Gove et al. 2013) . Because of the fast rate of deployment, it has become challenging to verify impacts on birdlife and develop ways of mitigating these (Gove et al. 2013 ). These concerns can be an economic problem for the energy industry and for society as a whole (Cole 2011) , and reduces the predictability in the planning and consenting processes. Collision with wind turbines is the main cause for direct bird mortality at wind-power plants. However, mitigating wind-turbine induced bird mortality is particularly complicated because it may originate from collision, disturbance and barrier effects that are site-and species-specific (Marques et al. 2014; May et al. 2015) . Concerns regarding collision risk have stimulated research to quantify these effects post-construction, and to predict the extent of effects pre-construction in connection with the planning of new wind-power plants. Developing and testing techniques for mitigating collision risk, however, still need to be improved (Intergovernmental Panel on Climate Change 2011). It is paramount to develop practical and functional tools, products and other measures that reduce bird mortality
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In practice, it is normally a very long step from documenting the extent of the impact caused by the construction and operation of wind-power plants to successful mitigation (Lehman et al. 2007 ). The main reason why mortality-reducing tools are not already developed is due to the challenges in assessing the effectiveness of such tools in situ . The detected number of birds killed at a wind-power plant is often too low, due to removal by scavengers or observer bias, to be used as the only criteria to assess a measure's effectiveness within a limited timeframe. Studies of behavioural responses, such as avoidance and/or reduced activity in the vicinity of the turbines due to the measures tested, are therefore necessary (May et al. 2017 ). Due to the relatively short history of wind energy production, there is a lack of comparative studies of scientific quality . Investigations in this field are connected with several uncertainties such as statistical significance, time required to get reliable results, number of trials/turbines, costs and practicalities, especially in connection with offshore installations. Still, in situ testing of promising pathways to mitigate impacts are important to increase our knowledge incrementally. One promising approach is that of utilizing the sensitivity of many bird species within the (ultra)violet spectrum to deter birds from turbines using ultraviolet or violet (UV) lighting . Visual deterrence using UV lights will be most effective at low light levels, and may therefore mainly help to mitigate collisions of nocturnal and crepuscular flight activity between dusk and dawn. Still, to-day there exists no proof-of-concept whether birds are in fact deterred in flight from areas lit up by (ultra)violet light (but see Hunt and McClure 2015) .
Vision is the primary sensory system of birds, with a higher acuity and a generally lower temporal resolution than humans. It will therefore be important to take into account avian visual ecology when designing mitigation measures (Martin 2011 ). Blackwell and Bernhardt (2004) and Blackwell et al. (2009 Blackwell et al. ( , 2012 empirically showed that birds' visual systems (visual acuity and visual fields) enable them to respond behaviourally to lighting regimes (no, constant or pulsating lights) in approaching objects (aircraft and vehicle). Birds have tetrachromatic colour vision and spectral sensitivities of photoreceptors between 320 and 700 nm (Osorio and Vorobyev 2008) . Birds with highly sensitive UVS-cones and birds with the less UV-sensitive VS-cone variant are all sensitive to UV light (Lind et al. 2014) . Both gulls and passerines are sensitive within the ultraviolet spectrum (355-380 nm: Ödeen et al. 2010; Lind et al. 2014) . Gulls are species of concern for collision with offshore wind turbines given their ecology (Furness et al. 2013) . Raptors and owls, including Burrowing Owl (Athene cunicularia) and Golden Eagle (Aquila chrysaetos), seabirds and waders, and gallinaceous birds have (ultra)violet single cones with sensitive functions that peak in the violet spectrum (402-426 nm: Håstad et al. 2005; Ödeen and Håstad 2013; Doyle et al. 2014; Lind et al. 2014) . At onshore windpower plants, raptors and owls are often perceived to be vulnerable to collision mortality (Drewitt and Langston 2008) . Typically, the lower limit of the human visible spectrum is 390 nm. Given these differences, it may be possible to develop mitigation measures without disturbing humans. Here we have to keep in mind that objects reflecting or emitting ultraviolet light may, besides having an illumination effect, be viewed as a different colour to the avian eye (Cook et al. 2011) . Although the avian eye is better than ours-in avoiding obstacles or chasing prey in fast flight-its performance decreases with falling light levels more so than for humans (Jarvis et al. 2002) , perhaps even during rain or cloudy weather. The function of ultraviolet vision in birds is thought to be related to orientation, foraging and signalling (Bennett and Cuthill 1994) . Ultraviolet cones in the eyes of birds have been shown to be receptive to both visual and magnetic information (Bischof et al. 2011) . Although monochromatic ultraviolet light (373 nm) could disrupt natural orientation behaviour in European Robins (Erithacus rubecula) (Wiltschko et al. 2014 ); these two mechanisms (vision and magnetoreception) were found to be independent of each other. Birds may be able to separate visual and magnetic information derived from ultraviolet cones through light at other wavelengths, magnetite-based receptors in the beak, and/or optic flow during movement (Bischof et al. 2011; Wiltschko et al. 2014) . In fact, Gauthreaux and Belser (2006) summarize how filtering out all wavelengths but for ultraviolet light essentially eliminated migratory bird mortality at ceilometers. Also, Poot et al. (2008) showed that nocturnally migrating birds were least disoriented from blue lights (455 nm).
Although it might be tempting to operationalize innovative mitigation tools solely based on theory, pre-development ex situ feasibility studies as well as post-development in situ testing are important prior to deployment. Such assessments ensure that unsuccessful techniques can be eliminated in an early phase and the effectiveness of innovations can be documented. Lights within the UV spectrum (≤ 400 nm) with low power input are now available. Martin (2011 Martin ( , 2012 argues that the sensory ecology in birds is more attuned to observing and responding to impulses from the ground. We therefore envision utilizing UV lights that sweep upwards during nighttime encircling the rotor swept zone to exclude birds from this risky area (i.e. light-fence). UV lights are invisible to the human eye but may deter nocturnal birds from entering the rotor swept zone without creating visual nuisance for humans. However, there are potential health hazards connected with UV light, which can be harmful to peoples' (and birds') eyesight that will have to be taken into account. Such a system must therefore be constructed in such a way that it will be safe to the public, which means that it must be mounted out of reach of people (well above the base), with the light beam pointing upwards, perhaps in the form of pulsating beams. However, before commencing with intricate engineering to conceive optical deterring devices to birds, it will be important to know beforehand whether bird species that are sensitive within the (ultra)violet spectrum actually respond behaviourally to UV light. As a feasibility study, we therefore explored whether birds in flight respond to ultraviolet/violet lights. In theory, UV lights may either lead to behavioural evasion of the birds in flight (partial avoidance, with a shift in their flight path) or displacement from the lighted area (leading to reduced activity) (May 2015) . Alternatively, birds might also be attracted to the UV lights leading to opposite results. The main hypothesis for testing the possible efficacy of UV lights was that birds would refrain from flying through the area of light. This hypothesis leads to the following research questions: (1) to which extent UV light leads to a proportional reduction in the number of recorded flights within pre-specified distances and altitudes around the lighted area, and (2) to which extent recorded flights verifiably change altitude, and at which distance? These effects may in addition change over time due to positive (getting used to the lights) or negative (avoiding the area altogether) habituation.
Methods

Study site and experimental design
This feasibility study was done ex situ, i.e. outside the wind-power plant, testing for possible responses in birds to UV light. To ensure adequate confidence in the outcomes of this test, two UV LED lights (Type EXT400; Martin, Denmark) were placed vertically on top of a 2.5 m mast located near Veiholmen on the island of Smøla (63.50961°N, 7.9761°E) during spring (March-May 2014) . Veiholmen is a fishing village located on a group of tiny islands in the northern part of Smøla Municipality in Møre og Romsdal county, Norway. From the onset, the lights, one within the violet (400 nm) and one within ultraviolet (365 nm) wavelength spectrum (see Additional file 1: Figure S1 for spectrograms), were used with maximized irradiance and a beam width of 62°. The nominal output of both lights was prior to operation increased to 700 mA (from 500 mA); resulting in an increased irradiance of 10 and 24% for respectively 365 and 400 nm (respectively: 0.169 and 0.646 Watt/m 2 ). The nominal output gives a safety distance threshold for humans of circa 8 m (Martin pers. comm.) . The experimental design was approved by the Civil Aviation Authority, municipality of Smøla and the private landowner. The lighting regime alternated between one of the two lights (365 nm: Tuesdays, Saturdays; 400 nm: Thursdays, Sundays) with intermediate control-days without any lighting (Mondays, Wednesdays, Fridays). Thereafter the lights were sequentially on every other day for 2 months during dawn/dusk and nighttime (17:00-08:00). During daytime, UV lights were expected to be ineffective due to exceeding levels of UV light from the sun and were therefore not activated. Background UV light levels were measured continuously at the avian radar van (see below) using an UVA sensor (315-400 nm; Type SKU 421/I; Skye Instruments, United Kingdom).
Avian radar monitoring
Bird flight movements in the vicinity of the UV lights was recorded continuously (24/7) using a vertical Frequency Modulated Continuous Wave (FMCW) radar (coherent X-band radar with 20° beam width and 1° beam height) to obtain best coverage of data collection with the area of interest. The FMCW forms an integral part of the ROBIN avian radar system (ROBIN B.V., the Netherlands), enabling automatically tracking and storing all bird movement information in a database (including e.g. timestamp, georeference, radar cross section). The avian radar system was stationed circa 370 m from the UV lights and scanning the sector in the same azimuth (17°). At this distance, the beam width covers an area of circa 65 m on either side of the lights and detectability is not hampered by detection loss over range. Utilization of this avian radar followed the permit given by the Norwegian Communications Authority, and was locally approved by the municipality and the private landowner. Radar monitoring commenced in the period 18 March 2014 through to and including 31 May 2014 (75 days) . Due to technical complications, the radar was malfunctioning in five distinct periods (20-25 March (6 days); 6-15 April (10 days); 3-5 May (3 days); 24-27 May (4 days); 5 June (1 day)). Horizontal radar data could not be recorded in the areas surrounding the UV lights due to extensive amounts of ground clutter. Weather permitting and when practically feasible, groundtruthing of radar tracks was done during dawn and dusk. During these periods, radar tracks were groundtruthed by visually observing bird species. Prior to each groundtruthing session, the lights were checked whether they were fully functional (by checking an indication LED underneath the lamps).
Statistical analyses
Behavioural changes in (log-transformed) flight altitude were assessed by comparing five a priori defined models using the lmer function of the lme4 library in the statistical software programme R version 3.2.2 (R Core Team 2015). All models included random effects to control for temporal autocorrelation by clustering over each unique track, for spatial patterns in altitude selection by including distance from the radar (i.e. range) as a random slope, and for daily varying environmental conditions by clustering over night-of-year (NOY). NOY was defined as 24-h periods from noon to noon. Spatial patterns in altitude selection-unrelated to the actual test-could occur due to adjusted flight altitudes above land masses versus over sea and the presence of a fish landing close to the radar site. Also, the lights produce cones covering an increasing circular area with increasing altitude. However, dependent on the way birds see when in flight (Martin 2011) , an effect does not necessarily have to be limited to this cone alone. The a priori models were defined to capture various responses: (1) no effect including only the intercept; (2) behavioural response to the UV lights irrespective of distance, when the bird perceives the light ahead (UV_TYPE); (3) increasing behavioural response towards the UV lights, when the bird enters the light cone (UV_TYPE*Distance); and (4) and (5) including potential habituation to the UV lights for the last two models (*NOY). These models were compared for overall likelihood of fit using log-Likelihood tests.
Effects of the UV lights on flight activity was assessed within the volume directly surrounding the UV lights, including only data within 50 m in both distance and altitude. Flight activity, defined as the number of radar track points per 10 m intervals in both distance and altitude per night represented the response variable in the glmer function with a Poisson distribution. Due to the block design, both distance and altitude were included in the models as factors to control for spatial patterns in flight activity. All models included random effects to control for daily varying environmental conditions by clustering over night-of-year (NOY), as well as clustering by record to control for overdispersion. Five a priori defined contrasting models were assessed: (1) no effect including only a possible spatial pattern (Distance and Altitude) in activity; (2) UV light adjusted flight activity irrespective of both distance and altitude (UV_TYPE; no interaction); (3) UV light adjusted flight activity in distance (UV_ TYPE*Distance); (4) UV light adjusted flight activity in altitude (UV_TYPE*Altitude); (5) UV light adjusted flight activity both horizontally (UV_TYPE*Distance) and vertically (UV_TYPE*Altitude). While model 2 relates to full displacement, models 3 and 4 relate to partial displacement, respectively horizontally and vertically. Model 5 relates to responses when birds enter the light cone. To further assess potential temporal changes in effects over the season; we also ran the same models for each separate month.
All data collected during this study, as well as the R scripts to run the analyses and produce the figures are included in this published article in the Additional file 2: uvdata.xlsx, Additional file 3: UV_analysis.R.
Results
During the monitoring period, the solar UV irradiance remained well above the UV-light irradiance during most of the day. Only during the midst of night, the UV lights emitted more light than the solar irradiance (Table 1) . During night time, over 75% of all tracks were recorded below 50 m above sea level (a.s.l.), with an average flight altitude of circa 28 m a.s.l. (Fig. 1) . Birds varied in their flight altitude also with respect to the local topography (Fig. 2) . On the island (its land mass ranged between 330 and 460 m from the avian radar) where the UV-lights were placed, flight altitude increased slightly, irrespective of whether the lights were on or not. Tracks tended to lose altitude towards the avian radar position. This was likely due to the presence of a fish landing harbour close to the radar. We found, however, neither a significant effect of weekday on the number of recorded tracks (χ 2 = 7.095, df = 6, p = 0.312) nor on flight altitude (χ 2 = 10.059, df = 6, p = 0.122) due to any human activity over the week alternating between workdays and weekends. However, all models included a random grouping on Julian day to control for any temporal effects external to the design. Most groundtruthed bird-tracks were large gull species [e.g. Greater Black-backed Gull (Larus marinus) and European Herring Gull (Larus argentatus)]. Most observed birds flew below 10 m a.s.l. apart from small gull species [e.g. Common Gull (Larus canus), Black-legged Kittiwake (Rissa tridactyla)] ( Table 2 ). All of these species are sensitive within the ultraviolet spectrum (Ödeen and Håstad 2013) . The cumulative distribution function of the range-corrected mass (i.e. radar cross section) of groundtruthed birds was not significantly greater than the observed birds included in the analyses (two-samples Kolmogorov-Smirnov test: D = 0.0002, p = 1). However the lower tail of the cumulative distribution function was significantly different (D = 0.244, p < 0.001). This was due to the difficulty to groundtruth smaller-sized birds including common species as Meadow Pipit (Anthus pratensis), Wheatear (Oenanthe oenanthe), Common Snipe (Gallinago gallinago) and Golden Plover (Pluvialis apricaria) (Bevanger et al. 2010 ) over larger distances. While the former two are sensitive within the ultraviolet spectrum, the latter two species are sensitive within the violet spectrum (Ödeen et al. 2010, 2011) .
The most parsimonious of the five a priori defined models of flight altitude, as determined by AIC, indicated that flight altitude increased when the UV-lights were on, and closer to the lights (Table 3, Fig. 3) (Fig. 3) . The next best model (ΔAIC = 3.26, log-Likelihood-test: χ 2 = 8.74, df = 6, p = 0.189) also indicated that this effect slightly decreased over the season. A separate model, checking for the effect of the UV light inside versus outside the lighted cone (a form of BACI design), showed a significant effect of UV_TYPE inside the cone on flight altitude (χ 2 = 10.432, df = 2, p = 0.005).
The most parsimonious model explained abundance of bird tracks within a 50 × 50 m volume surrounding the UV-lights included UV_TYPE and Altitude (Table 4 and Figs. 1, 4) . The second best model included UV_TYPE interactions with both distance and altitude (Table 4 ). Relative to control nights, abundance was reduced for altitudes below 30 m a.s.l. when exposed to light of 365 nm. Instead for the 400 nm light, abundance increased above 30 m a.s.l. (Fig. 4) . On average, UV-lights resulted in a 27 and 12% reduction of the number of track points for the 365 and 400 nm wavelength, respectively. Temporal effects could not be assessed directly due to the block modelling design. We therefore also estimated responses in flight activity for each month separately. For all months, the UV_TYPE*Altitude model was most parsimonious. In March, birds were displaced over most altitudes, significantly so for 10 m and 50 m respectively at the 365 and 400 nm wavelength (Fig. 5) . In April this effect was still visible for the 365 nm wavelength, but less so for 400 nm. In May, birds were mainly displaced at and below 30 m but used altitudes of 40 m and above more intensively. For the 365 and 400 nm wavelength the sign of the response changed direction over time above respectively an altitude of 30 and 20 m, indicative of possible habituation. A separate model, checking for the effect the UV light inside versus outside the lighted cone (a form of BACI design), only showed a significantly reduced number of track points inside the cone (χ 2 = 398.886, df = 1, p < 0.001) irrespective of UV_ TYPE (χ 2 = 0.204, df = 1, p = 0.903).
Discussion
This pilot study indicated that UV-light displaced birds in the vicinity of the light source. While birds were partially displaced in altitude by the emitted light at 365 nm, birds mostly adjusted their flight altitude when subjected to light of 400 nm. This displacement effect persisted over the season below 20-30 m a.s.l. but with increasing use of higher altitudes over time. This may indicate habituation over time, but could also just occur at the periphery of the lit area. Verification of this would require longterm studies and could not be determined in the current study. The test design consisted of UV-lights placed 2.5 m off the ground and pointing upwards; observed displacement is therefore also relative to ground level. However, when implemented, the UV-lights at a wind turbine have to be placed such that they encompass the rotor-swept zone; i.e. 50-100 m above ground level. To which extent displacement will occur at higher altitudes above ground level could not be answered by this study. Also, in order to be effective in deterring birds from the rotor swept zone of a wind turbine, most birds need to display avoidance along the entire rotor blade length (40-50 m). This study indicated that, given the lights used, only a proportion of birds avoided the lights to up to 30 m at a maximum. However, when the light is allowed to reflect off the surface of the turbine blades, e.g. using a UV-reflective coating (Young et al. 2003) , it is possible that this would extend the range of the deterring effect, compared to this experiment that used an isolated lamp.
To increase the efficacy of the UV lights to deter birds from the area, this necessitates that the energy emitted from the lights are diffused as little as possible, using either higher output or a beam that is as narrow as possible. However, with increased irradiance (Watt/m 2 ) and/ or narrower beam width, also the minimum safety distances increase within which eye damage may occur. The efficacy of UV light as a deterrence measure likely also depends on the solar irradiance levels to reach abovesolar threshold values. The time-period when lights emit more UV-light than the sun, diminishes towards midday and varies seasonally. This likely also varies at different latitudes with higher solar irradiance towards the equator but more variable daytime periods at higher latitudes.
Lastly, in practical applications, potentially harmful ecological effects of UV light pollution should be considered, such as attraction of insects (van Langevelde et al. 2011) . Attraction of insects may in turn attract birds, and especially bats, to the wind turbines resulting in increased Table 2 Groundtruthed avian radar tracks to species (group) during the testing period
The second column indicates the species sensitivity within the (ultra)violet spectrum, as derived from (Håstad et al. 2005; Ödeen et al. 2010; Ödeen and Håstad 2013 collision risk in these species. Based on this pilot study, we recommend that further research is required investigating physiological vision damage distance thresholds in birds and humans (dependent on how the lights will be directed), testing behavioural responses in birds to other lighting regimes (e.g. narrower beam width or laser, moving or flickering beam) in combination with potential side effects (e.g. insect attraction, light pollution). This pilot study has shown that birds were partially displaced by UV-light within a limited distance range, which may allow the development of mitigation designs only encompassing the rotor swept zone potentially combined with a triggering system to minimize habituation . This may in turn, when tested successfully in situ, help reduce collision risk while maintaining utilization of the area in-between the wind turbines by birds.
Conclusions
Vision is the primary sensory system in birds, which for a number of species also includes the ultraviolet spectrum. Many bird species that are known to collide with offshore wind turbines are sensitive in the violet or ultraviolet spectrum. For species that are mainly active at lower ambient light levels, UV lighting may deter birds from the lit area. However, we do not know whether UVsensitive birds in flight actually respond behaviorally to UV lights. In this study we found that, relative to control nights, bird flight activity was reduced within the lit area when the (ultra)violet light was on. In addition, the avian radar based data showed a limited vertical displacement in flight altitude which persisted over the season below 40 m above sea level. Still, with regard to implementation, we argue there still is a long way to go before a potentially functional design to mitigate collisions at offshore wind turbines that has proven to be effective in situ may be in place.
